ABSTRACT: The Planck LFI Radiometer Chain Assemblies (RCAs) were calibrated in two dedicated cryogenic facilities. In this paper the facilities and the related instrumentation are described. The main satellite thermal interfaces for the single chains had to be reproduced and stability requirements had to be satisfied. Setup design, problems occurred and improving solutions implemented are discussed. Performance of the cryogenic setup are reported.
the radiometers [11] is evaluated by changing the temperature of the front end modules. A stability control at 1% level with respect to single temperature steps, typically ranging from 2 to 5 K, is then required for these main stages during calibration tests. In this paper, the cryogenic facilities used for the ground tests of the LFI single Radiometer Chain Assemblies (RCAs) are described. Two different chambers sharing the same design philosophy were used: (1) the 30 and 44 GHz channel radiometers ( [2] ) were tested in the Thales Alenia Space -Italy (Milano) laboratories, while (2) the 70 GHz channel radiometer chains ( [3] ) were tested in the DA-Design (Ylinen Electronics) laboratories, in Finland.
In Section 2 the thermal setup of the radiometer chain assemblies is described and an overview of the chamber used in Milano is given, specifically the mechanical setup, the main thermal interfaces design and the coolers used to obtain the desired temperatures, together with the temperature monitoring and control setup and a description of the sensor types and locations. The performance reached during the calibration tests in terms of temperature stability, together with some optimization study, is provided as well. The main differences in the 70 GHz channel chamber are detailed in Section 3. Finally, in Section 4, conclusions are addressed.
Cryogenic facility setup for 30-44 GHz radiometers

The radiometer thermal scheme
A single LFI radiometer chain spans a large range of temperatures from the Back End Module (BEM), at about 300 K room temperature, to the Front End Module at 20 K. They are connected by means of four long waveguides, about 1.7 meters long. The materials used for the waveguides allow a good inner signal transmission while having a good thermal insulation; in particular, the warmest part is built in stainless steel in order to create a large thermal gradient between the warm 300 K stage and the coldest stages. At satellite level, three large radiative shields (the V-grooves) are interfaced to the waveguides and, in flight, will help them to dissipate heat loads to the surrounding 3 K environment. A set of 4K reference loads is part of the LFI instrument, although mechanically and thermally linked to the HFI outer shield. The loads, together with a dedicated sky simulator load, have to be taken into account in the design of a ground test cryogenic facility as well. The overall thermal scheme of a Radiometer Chain Assembly, integrated in the facility, is shown in Fig. 1a. 
The cryogenic chamber
The size of the facility is about 2 × 1.2 × 1 m 3 . Such size is compatible with the volume of the radiometer chains, driven by the waveguides length and fine-shaping.
A copper shield at a temperature of about 50 K is used to radiatively insulate the coldest parts of the system, namely the FEM and horn at 20K, the 4K reference load and a passive calibration tool (the sky load) simulating the sky microwave background emission, to be kept at about 4 K. The chamber is provided with three cryocoolers and a vacuum bench allowing to reach pressures lower than 10 −5 mBar.
Thermal setup and main interfaces
As mentioned above, the Planck LFI covers a large range of temperature stages, starting from about 300 K at the back end level down to the 4 K reference load. A set of thermal interfaces in the cryogenic chamber provides an optimized and stable working environment for the radiometers. The seven main interfaces are listed here together with their working temperatures (see also Fig.  1 ):
• the back end module is controlled at a temperature of about 310 K;
• the third and coldest V-groove interface with the waveguides is controlled at a temperature of about 60 K;
• the copper-stainless steel interface of the waveguides is temperature controlled at 22 K;
• the shield surrounding the lower temperature zone is kept at about 50 K;
• the front end module is temperature controlled at 20 K;
• the 4 K reference load is controlled in a range 8-20 K;
• the sky load is temperaure controlled in the range 8-20 K.
The possibilty to control and induce temperature changes is also needed in order to perform calibrations [8] and check the temperature fluctuation effects on the instrument [11, 13] . Multilayer insulation (MLI) is extensively used in order to insulate from radiative heat load mainly the sky load large surface and the long waveguides path. Due to the different routing of the RCA waveguides, different assembling and supporting structures were designed and built in order to get the optimal test setup. This led to some differences in the heat load and temperature control of some stages. In Fig. 2 , the thermal network and main heat routes, detailed in the following, are represented. 
The warm stage
The mechanical support in the stages warmer than the cold shield is provided by two main structures (visible in Fig. 1b) , one supporting the BEM the other at the level of the third V-groove interface of the waveguides, and a further support provided by a kevlar wire holding the copper-steel interface of the waveguides. MLI is used to radiatively shield all the waveguides route. The layout and materials used for the two main supports are the same for all the chains under test; four columns of PEEK polymer (half inch section for the BEM, quarter inch for the VG3 support) are alternated to small insulating bases of hostaform and teflon. The length of the supports is instead depending on the orientation of the waveguides and horns in the chamber. This kind of insulation is enough for allowing a good control of the BEM temperature, since the latter is very close to room temperature. The maximum passive load estimated on the VG3 interface, kept at 60 K, is about 0.2 W. The thin kevlar wire linked to a stainless steel 304L support have a negligible impact (less than 1 mW) in terms of heat load on the interface, while warmer stages of waveguides contribute less than 50 mW.
The cold stage
The large shield covering the cold stage has a size of 0.72 × 0.53 × 0.60 m 3 . It is made of copper and all its surfaces are covered with an MLI insulating layer. Some mechanical details have been taken into account for the correct integration in the chamber. The large dimension of the shield suggested to avoid too many mechanical boundaries in fixing the shield to the chamber base. Only one of the supports, consisting in hostaform columns, is screwed to the base. The others have an hollow base where a stainless steel ball sits. This design reduces the stress due to thermal contraction during cooldowns while minimizing the contact surface to the chamber at room temperature. Another set of thin hostaform supports at its sides keeps the cold shield stable. These solutions allow to keep the conductive load on the shield to less than 200 mW and the global load to about 450 mW, when taking into account also the radiative load on the large reflecting surface. The 50 K shield contains, also radiatively insulating them from the room temperature walls, the coldest units of the LFI radiometers. The front end module is connected by means of a stainless steel thin frame, alternated with teflon supporting bars, to the shield base. The supports are also holding the feed horn flange by means of a dedicated insert. The purpose of these insulating supports is to keep the heat load on the FEM within 100 mW. The reference load is mechanically supported by the FEM itself, by means of a similar dedicated stainless steel frame, in order to thermally insulate it from the 20 K stage. The conductive load is measured to be less than 100 mW. The largest structure inside the cold part of the chamber is the sky simulator cylinder, whose diameter and length are about 25 cm and weight about 8 Kg. It is built in absorbing material (Eccosorb CR110) and its external surface is covered with MLI. It is supported by a stainless steel AISI304 structure whose base is linked to the 40 K shield base by means of small hostaform bars. The global load on it is measured to be about 200 mW.
The coolers
The control of many temperature stages is required, in particular for the coldest temperatures which have to be varied during many of the calibration tests. Three two-stage coolers are then used to provide the right reference temperature to the different parts of the instrument.
• Both stages of a 20 K CTI Cryogenics cooler are used to keep the temperature of the 60 K V-groove and the 22 K stainless steel -copper waveguides interface at their nominal values.
• First and second stages of a further 20 K cooler (Leybold Coolpower 5/100) are used to keep the temperature of the radiative shield surrounding the cold part of the instrument at about 50 K and the temperature of the FEM at 20 K, respectively.
• First and second stages of a 4 K cooler (Advanced Research System Inc. DE210) are used to keep the temperature of the 50 K radiative shield, as above, and the temperature of the reference and sky loads at about 8 and 10 K, respectively.
The coolers' model and cooling power are reported in Table 1 . As expected, comparing their cooling powers to the heat loads on the various stages, the coolers have a good margin and then easily keep stages above 20 K at their nominal temperatures. Sky and reference loads are instead operated at temperatures higher than the nominal ones. In the early runs, the 4 K cooler, actually, showed a high temperature instability (1 K peak to peak amplitude) and a cooling power lower than nominal (Fig. 3) .
Cooler
After some dedicated dry tests, a different configuration was decided for the cooler. It was mounted on the side of the chamber, with the cold finger pointing at the ground. An U-like thermalvacuum path was built by means of a copper rod, which have become the new cold reference inside the cryogenic chamber. As a result, the temperature during the tests is about 6 K, comparable to the former cold head one, but with a considerably improved stability. As a consequence less power is needed for the stabilization of the loads (Fig. 4) , keeping their temperature as low as possible.
This allows tests to be performed in almost nominal conditions. 
Temperature sensors, monitoring and control
The large temperature range spanned by the instrument for the calibration tests needs an accurate monitoring and control. A set of 18 temperature sensors is then used in the test campaign. A couple of Lakeshore TM PT-100 platinum resistance thermometers are used for the BEM control and monitoring close to the room temperature. Silicon diodes (DT470 and DT670) and Cernox resistors with a sensitivity better than 1 mK are used for the low temperatures to control stages whose stability is relevant for a successful test campaign. The temperature readout consists of two Lakeshore TM LSC331 temperature controllers (two read out and control channels) and two LSC340 temperature controllers (one with two readout and control channels and 8 readout-only channels, the other with two readout and control channels and two readout only channels). These allows to control six of the seven stages listed in the Section 2.3. Every temperature stage, with the exception of the radiative shield, is actively controlled by heaters using PID algorithms. Temperature controllers and monitors are interfaced, via GPIB boards, to a dedicated PC and driven by a dedicated software developed in the LabWindows environment, which also handles the communication with a breadboard model of the Data Acquisition Electronics (DAE) supplying the power to the radiometer devices and acquiring data from the detectors. Finally a quick look monitoring is performed by another software, RACHEL [5] , which also converts data in FITS format to prepare the off-line analysis [12] .
Thermal performance
The main performance requirements for the cryogenic chamber are the cooling of the entire LFI radiometer chains down to the nominal low temperatures, allowing both the correct thermal stability and the correct temperature steps, when needed by the procedures.
Temperature distribution
During the whole flight model test campaign, the chamber setup and the temperature control has allowed a good repeatibility in the temperature distribution for the stages in the range 20-310 K, as reported in the Due to the different orientation and routing of the feed horns and waveguides, different sky load support structures are used leading to different thermal paths between the 50 K shield and the load base. This leads to a heat load variation on the 4 K cooler, depending on the RCA under test.
In Table 3 , as representative for the minimum controlled temperature reached for the sky and reference load backplates, values from noise properties data analysis are reported for each RCA.
Temperature stability
Temperature instabilities are the most important thermal systematic effects for the LFI instrument also during calibrations. The large number of temperature stages controlled during the tests is required to keep under control this dangerous source of systematics. The design of the test and dedicated corrections adopted throughout the campaign ensure the high level of stability needed for many of the tests. Typically, the short term peak-to-peak temperature variation is kept under a level of 5 mK for the lowest temperature stages.
RCA ID # Sky Load T (K) Ref
Facility setup for the 70 GHz radiometers
The cryogenic facility has a volume allocation of about 1.6 × 1 × 0.3 m 3 . The design of the facility is very similar to the 30-44 GHz one, even though the 70 GHz facility is designed in order to house two radiometer chains at once (Fig. 5) . This is possible in terms of thermal budget, due to the smaller size of the radiometer units. The heat transfer through the waveguides is reduced mainly by the effective section being about 0.45 times the section of the 30 GHz guides. In terms of global envelope inside the cold shield, the sizes of the feedhorns and front end modules are reduced and the choice to use two small dedicated sky loads directly in front of the horns allows to use the same volume than for the 30 and 44 GHz one. 
Main thermal interfaces
The chamber is implemented with less control stages than in the 30/44 GHz one and only two cryocoolers, used mainly for the coldest 4 -20 K stage. Main interfaces are provided to both RCAs under test at once, by means of copper braids or slabs connecting them each other:
• the thin rods of stainless steel supporting the back end modules insulate them from the chamber envelope; no control is implemented;
• the second V-groove interfaces with the waveguides are connected to the same interface of the cold stage shield at a temperature of about 60 K;
• the shield surrounding the lower temperature zone is kept at about 60 K;
• the front end modules are temperature controlled at 20 K;
• the 4 K reference loads are controlled in a range 10-20 K;
• the sky loads are temperature controlled in the range 10-25 K.
The power injection system on the sky loads, used to measure the radiometer bands [16] , has a different setup in the two chambers. In the 70 GHz, it is located on the back of the sky load in order to illuminate directly the feed horn, in front of it. In the 30 and 44 GHz tests, the power is injected by means of a wave guide mounted in the same face as the horn (see Fig. 6 ) and the test was conducted by measuring the signal reflected by the sky load base to the feed horn aperture. 
The coolers
Two two-stage coolers are used to provide reference temperatures to the different parts of the instrument.
• First stages of the 20 K cooler are used to keep the temperature of the second V-groove and of the radiative shield surrounding the cold part of the instrument at about 70 K.
• The second stage of the 20 K cooler is used to keep the FEMs temperature at 20 K.
• The cold stage of the 4 K cooler are used to keep the temperature of the reference and sky loads at about 10 K.
Temperature sensors, monitoring and control
Temperature sensors are of the same type of those used for the Milano facility. In order to test two chains at the same time, it is preferred to dedicate two thermometers for some relevant stages, one for each RCA under test. Two sensors are used to monitor the temperatures of each of the two sky load backplates and absorbers, and BEMs. Due to their smaller size, only one sensor is used to monitor the single interface common to the two FEMs and the single interface common to the two reference loads. The acquisition is performed using two twin DAE breadboards of the same model used for 30 and 44 GHz test campaign.
Thermal performance
The main temperature stages stability is at the level of 10 mK within the typical duration of the test (about 1 hour). The BEMs reach a temperature of about 305 K, while the FEMs are at their nominal 20 K temperature, with a stability better than 1 mK. In the Two sensors are dedicated to each sky load, one on the back plate, while the other is inserted in a dedicated hole in the absorber part. Some problems have occurred in the correct measurement of the temperatures of the small sky loads. There are systematically 4 to 9 K differences between the two temperature sensors. It is difficult to explain this large difference, also by modeling and correlating temperature data with radiometer outputs (Fig. 7) .
The main uncertainties in the temperature distribution within the sky loads derive from their mechanical assembly: the load is not bounded with the metallic envelop but it is simply blocked through the teflon tip. Due to differential contraction during cooldown, the thermal contact between the Eccosorb, which has a larger thermal contracion coefficient than aluminum, and its envelop could be reduced so to create a temperature gradient, as the measured one. Due to these uncertainties, main results from the calibrations are derived from tests performed by changing reference load temperatures, whose correlation with radiometer data is more under control (Fig. 8) . 
Conclusions
The cryogenic environment equipments used for testing the Planck LFI Radiometer Chain Assemblies have been described. Main requirements in terms of temperature stability of the main stages at the level of few mK are achieved.
Performance of the cryogenic facilities allows to run correctly the tests planned and obtain relevant results and important informations about the LFI flight model radiometers properties.
